Introduction 1 2
The prestressing force is transferred from the prestressing strands to concrete by bond during 3 the prestress transfer operation. Afterwards, bond mechanisms allow force variations in the 4 prestressing strands ranging from zero at the free end of the member to the full prestressing 5 strand force which is achieved at a distance defined as transmission length [1] -or transfer 6 length [2]-. 7 8 Also, when a pretensioned prestressed concrete member is loaded by externals actions, higher 9 forces in the prestressing strands are activated. This increase in prestressing strand force is 10 developed only if bond between concrete and prestressing strands allows it, and a bond length 11
(complementary bond length [3] -or flexural bond length [2]-) beyond the transmission 12 length is required. The sum of the transmission length and this complementary bond length is 13 defined as anchorage length [1] -or development length [2]-. Fig. 1 shows the idealized 14 prestressing strand force profile according to the aforementioned lengths. 15 
16
Variation in prestressing strand force along both transmission and anchorage lengths involves 17 bond stresses which are activated by the relative displacement (slips) of the prestressing 18
The prestressing strand-to-concrete bond is a function of a large number of factors [8, 9] . A 1 literature review of the factors influencing bond and transmission and anchorage lengths of 2 prestressing reinforcement has been presented in [1] . Several equations to calculate both 3 transmission and anchorage lengths have been proposed [3, 10, 11] . However, knowledge on 4 the slips of prestressing strands is generally limited to free end slip measurements which are 5
used to obtain the transmission length by means of the Guyon's theory [12] . 6 7 Consequently, the purpose of this research is to develop an analytical bond model to predict 8 the slip distribution along both the transmission and anchorage lengths of seven-wire 13 mm 9 prestressing steel strands. An experimental program has been carried out to determine the 10 force-slip relationships along the transmission and anchorage lengths for twelve different 11 concrete proportionings by means of the ECADA test method [13] . 12 13
Background 14 15
The measurement of the free strand end slip is a traditional indirect method to determine the 16 transmission length in pretensioned prestressed concrete members. This method has been 17 proposed as a simple non-destructive assurance procedure by which the quality of bond can 18 be monitored within precasting plants [14, 15] . Most experimental standards [16] [17] [18] are 19 based on this method along with the analysis of the strains profile on the concrete surface 20 after release, but it provides no information on the anchorage length or on the slips along the 21 transmission length. 22
23
The relationship between the transmission length and the strand end slip can be expressed as 24
where Lt is the transmission length, f is the strand end slip at the free end of a pretensioned 2 prestressed concrete member, pi is the initial strand strain, and represents the shape factor 3 of the bond stress distribution ( = 2 for uniform bond stress and = 3 for linear descending 4 bond stress distribution). Several experimental and theoretical studies subsequent to Guyon's 5 theoretical analysis have reported values ranging from 1.5 to 4, as it has been reviewed in 6 [19] . Also a value of = 2.44 for Guyon's equation has been proposed in [19] . 7 8 A modification of Guyon's expression was proposed by Balazs [4, 20] which takes into 9 account a nonlinear bond stress-slip relationship over the transmission length considering the 10 strand diameter and concrete compressive strength. As a result, the following equations for 11 calculating the transmission length of 13 mm seven-wire prestressing steel strand were 12 developed [4, 20]: 13 
where db is the diameter of prestressing strand, fci is the concrete compressive strength at the 17 time of prestress transfer, fpi is the strand stress immediately before release and Ep is the 18 c) Detensioning stage. 23 c.1) The hydraulic jack is coupled to the pretensioning frame.c.2) When the actual prestresing reinforcement force is recovered by the hydraulic 1 jack, the adjustable strand anchorage device is relieved and withdrawn by 2 screwing. 3 c.
3) The strand prestress transfer is produced at a controlled speed through the 4 unloading of the hydraulic jack. 5 c.4) The concrete specimen is supported at the stressed end of the pretensioning 6 frame while the prestressing force is transferred to the concrete. 2) The force in the prestressing strand is increased by loading the hydraulic jack 12 which pulls the AMA system from the pretensioning frame. 13 14
Instrumentation 15 16
No internal measurement devices are used in order not to distort the strand-concrete bond 17 phenomenon. Following the basis of the ECADA test method, the instrumentation is 18 composed of a force transducer placed at the anchorage device of the prestressing strand at the 19 end of the AMA system, and a hydraulic jack pressure sensor. 20
21
The force transducer allows the presstressing strand force to be measured at all times during 22 testing: tensioning, provisional anchorage, detensioning, and loading. The pressure sensor is 23 used to control the force exerted by the hydraulic jack. 24
Additionally, in this experimental research two displacement transducers have been used: one 1 located at the free end (Fig. 3) to measure the free end slip, and another at the stressed end 2 (Fig. 4) to measure the slip of the strand with respect to the last embedment concrete cross-3 section of the specimen (stressed end slip). 4 The resolution in the determination of the transmission and anchorage lengths depends on the 8 sequence of specimen lengths tested. Generally, the transmission and the anchorage lengths 9 determination requires testing 6 to 12 specimens with different embedment lengths with a 10 testing increment of 50 mm. 11
12
The characterization of the strand-to-concrete bond behavior can be completed by analysing 13 the force-slip relationships at both ends of the test specimens during the prestress transfer 14 process and the pull-out operation. 15 
16

Experimental program 17 18
In an attempt to experimentally obtain the slip distribution in a seven-wire 13 mm prestressing 19 steel strand along both the transmission and the anchorage lengths, an experimental program 20 has been conducted. The testing equipment consisted of 6 pretensioning frames and 2 21 hydraulic jacks. 22
23
Test specimens had a cross-section of 100 x 100 mm 2 with a centered single strand. The 24 prestressing strand was low-relaxation, seven-wire steel strand of 13 mm nominal diameter. water reducer. All concretes mixes were designed with a constant gravel/sand ratio of 1.14. 13
Concrete proportionings, concrete compressive strength values at the time of testing and the 14 embedment lengths in the specimens tested (see Section 3) are shown in Table 1 . 15 
16
All specimens were subjected to the same consolidation and curing conditions. The prestress 17 transfer was gradually performed 24 hours after casting (b.1 test step), and a 2-hour 18 stabilization period after the prestress transfer (c.4 test step) was considered before 19 determining the transferred prestressing force values (Pt). 20
21
The loading stage (d.2 test step) was also gradually performed after the stabilization period.
For the anchorage analysis, a reference force (Pr) of 158 kN was established as representative 23 of the force that can be applied to the strand before failure in this experimental study. Thepull-out operation was performed to achieve this reference force (Pr) without strand slip at the 1 free end of the test specimen during this operation. anchorage lengths for all concrete concrete mixes are summarized in Table 2 . 13 
14
Slips resulting from prestress transfer operation 15 16
The characterization of bond behavior during the prestress transfer can be analyzed from the 17 curves obtained [prestressing force transferred -strand end slip]. Fig. 7 shows these curves at 18 both ends of the specimens (their embedment lengths are shown) for concrete mix M-19 500/0.30. In the case of the test specimens with embedment length shorter than the 20 transmission length (400 mm), it can be observed a bilinear response with an ascendent initial 21 branch and a practically horizontal branch after a certain slip value (peak-slip). The peak-slip 22 value at the free end (f,peak) and at the stressed end (s,peak) correspond to the same level of 23 prestressing force transferred, resulting in the beginning of the generalized slippage of the 24 prestressing strand. The horizontal branch is longer when embedment length is shorter, andthe prestressing force transferred to concrete increases when the embedment length increases 1 until it corresponds to the transmission length. 2 3
In Fig. 7 it can also be observed that the obtained curves are similar for test specimens with 4 embedment length equal to or longer than the transmission length. Slip values at both ends 5 increase progressively while the prestressing force is transferred to the concrete. In these 6 cases, a final slip value is obtained, and no peak-slip value appears. 7 8
As previously mentioned, the maximum strand slip after prestress transfer occurs at the free 9 end of a specimen. The strand slip will be zero beyond the transmission length where 10 prestressing strand force does not vary with the specimen length and compatibility of strains 11 between the prestressing strand and concrete exists. Therefore, strand slips at the stressed end 12
should not occur in specimens with embedment lengths equal to or longer than the 13 transmission length. However, the movements of the AMA system compounds from strand 14 tensioning stage to detensioning (from step test procedure a.4 to c.4) imply a residual slip of 15 the strand which takes place at the stressed end. Consequently, even if the specimen 16 embedment length is greater than the transmission length, a small slip of the strand at the 17 stressed end is registered (see Fig. 7b ). is shown the Fig. 8 in this particular manner: the f,peak registered in a test specimen withembedment length l corresponds to the strand slip in a cross section placed at a distance l 23 from the end of the transmission length (which is known) towards the free end of the 24 specimen. In this way for each embedment length l, it has been considered that the prestresstransfer response is achieved when the bond capacity is exceeded. The strand slip value at a 1 distance from free end equal to 0 (also l = 400 mm -for M-500/0.30-) corresponds to the 2 strand free end slip for the specimen embedment length equal to transmission length. This 3 distribution of f,peak values results in an attempt to indirectly determine the strand slip at 4 different cross sections along the transmission length of a pretensioned prestressed concrete 5 member without distorting the bond phenomenon. 
where f,x is the strand slip at the located section x after detensioning (mm), x is the distance is of the order -they are slightly lower and not equal because of force losses between testing 20 stages-of the actual prestressing strand force after detensioning (see Fig. 7 ). In agreement 21
with the Stress Waves Theory [5, 42] and as shown in Fig. 14 , strand end slips begin when thepull-out force exerted by the hydraulic jack is equal to the actual prestressing strand force for 23 the specimen with an embedment length equal to the transmission length. Also, only 24 specimens with embedment length greater than the transmission length allow the prestressingstrand force to increase without strand end slip. In these cases, a higher pull-out force without 1 strand end slip is achieved for a greater specimen embedment length. Finally, the specimens 2 with embedment length equal to or greater than 350 mm attain the Pr force, and the strand 3 slips developed at both ends in these cases are lesser when the embedment length is greater. 4
As the specimen with 600 mm embedment length reachs the Pr force without free end strand 5 slip at this test stage, 600 mm is the anchorage length for mix M-500/0.30 [7] . where s,x is the strand slip at the located section x at loading (mm), x is the distance of a 5 cross section -ranging from transmission length to anchorage length-from the free end (mm), 6 and fci is the concrete compressive strength at testing time (MPa). 7 8 Fig. 16 shows the correlation between the predicted strand slip by applying Eq. (7) C-500-0.30 C-400-0.40
